We describe here a protocol for culturing epicardial cells from adult zebrafish hearts, which have a unique regenerative capacity after injury. Briefly, zebrafish hearts first undergo ventricular amputation or sham operation. next, the hearts are excised and explanted onto fibrin gels prepared in advance in a multiwell tissue culture plate. the procedure allows the epicardial cells to outgrow from the ventricle onto a fibrin matrix in vitro. this protocol differs from those used in other organisms by using a fibrin gel to mimic blood clots that normally form after injury and that are essential for proper cell migration. the culture procedure can be accomplished within 5 h; epicardial cells can be obtained within 24-48 h and can be maintained in culture for 5-6 d. this protocol can be used to investigate the mechanisms underlying epicardial cell migration, proliferation and epithelial-tomesenchymal transition during heart regeneration, homeostatic cardiac growth or other physiological processes.
IntroDuctIon
Hearts are composed of multiple tissue types, including endo cardium, epicardium and myocardium 1 . The epicardium is a mesoepithelial cell layer that originates from the proepicardium and has an essential role in the heart development and morpho genesis 2, 3 . The study of the epicardium in adult zebrafish hearts is of particular interest because of its potential role in regeneration [4] [5] [6] [7] and homeostatic cardiac growth 8 . As in vivo imaging of adult zebrafish hearts is technically difficult, and epicardiumspecific gene expression is not always feasible for in vivo studies in adult zebrafish, we established in vitro zebrafish primary epicardial cell cultures from adult zebrafish hearts on fibrin matrices to circum vent these obstacles 9 . By adjusting the culture conditions to con trol each component in a defined way, the explant culture system can complement in vivo observations and provide an alternative approach to investigate the detailed mechanisms underlying cell and growth factor functions, as well as the role of extracellular matrix (ECM) components during regeneration. Coupled with techniques such as timelapse microscopy, the in vitro cell culture system can also be a valuable approach for visualizing and recording morphological features of cell migration 10, 11 . We have analyzed cell proliferation and epithelialtomesenchymal (EMT) transition of adult zebrafish epicardial cells using the protocol described herein 9 .
Development of the protocol using fibrin gels
This is the first protocol described, to our knowledge, for cultur ing primary epicardial cells from adult zebrafish hearts. Other protocols for the culture of embryonic epicardial cells have been developed for chicken and mouse, and they have been important tools in the study of the detailed molecular and cellular mecha nisms of heart development [12] [13] [14] [15] . The difference between our culture protocol and others is that the heart explant is cultured on a fibrin gel, whereas previous protocols used collagen or gela tin [12] [13] [14] [15] . Fibrin gels are prepared from fibrinogen (Fg) treated with thrombin 16, 17 . The working concentration of Fg at 2 mg ml − 1 was used to reflect its physiological concentration in the blood of vertebrates (2-3 mg ml − 1 of plasma) 18 . As an aqueous gel, fibrin is ideal for the adherence of the explanted heart tissues. On the basis of the observations in our laboratory, adult zebrafish epi cardial cells migrated out poorly when heart explants were placed on culture dishes coated with other types of ECM proteins such as collagen or gelatin. This is consistent with the in vivo amputa tion model of heart regeneration, wherein a fibrin clot is formed at the injured site followed by epicardial cell invasion into the fibrin clot 6, 9 .
Application of the methods
Establishing in vitro primary cell cultures from adult zebrafish is one approach to expand the utility of this organism for mecha nistic studies of injury repair at the cellular level. Fg/fibrin has been widely used for in vitro cell culture systems and for tissue engineering because of its physiological relevance, pliability and its ability to be mixed with other ECM components [19] [20] [21] . One potential future application is the characterization of epicardial cell-ECM interactions by mixing fibrin with other ECM components, such as collagen or hyaluronic acid 22, 23 . In vitro culture is also useful for the study of the function of growth factors and downstream signaling pathways regulating migration, proliferation and differentiation of zebrafish epicardial cells. The approach can be expanded to include other cell types in coculture settings to analyze the inter actions between epicardial cells and cardiomyocytes or endothelial cells for their cooperative roles in injury repair and regeneration. In coculture experiments, different cell types can be marked with transgenic lines such as Tg(wt1b:GFP) 24 (epicardial cells), Tg(cmlc2: GFP) 25 (cardiomyocytes) and Tg(fli1a-EGFP) 26 (endothelial cells). It is expected that our in vitro culture system will facilitate studies on the mechanisms of zebrafish heart regeneration.
Experimental design
The overall experimental scheme is shown in Figure 1 . The following points should be carefully considered before starting the experiment.
In vitro culture of epicardial cells from adult zebrafish heart on a fibrin matrix Sham operation or heart surgery. Depending on the purpose of the study, either shamoperated (mock surgery with uninjured hearts) or regenerating hearts (after amputation or other types of injuries) can be used. The details of zebrafish care and usage are described in REAGENT SETUP. The protocol we describe herein is an example in which the hearts are explanted 4-14 days after ventricular amputation or sham operation. However, the hearts can be collected at any time point after the initial surgical procedure for explant, depending on the aim of the studies and the experimental design. In this protocol, we use the apex of the heart (onethird of the ventricle), which contains the regenerat ing area. Using onethird of the ventricle instead of the whole ventricle can maximize the contact area between the regenerating tissue and the fibrin gel. However, depending on the research purpose (e.g., obtaining epicardial cells from shamoperated hearts), the whole ventricle can also be placed onto the gel. The procedures of heart amputation and sham operation are per formed as described elsewhere 4, 9 .
Use of a glass coverslip for immunostaining. If immunostaining of the epicardial cells is planned, we recommend placing a glass coverslip onto the bottom of the multiwell plate before preparing the fibrin gels. This will make handling of the stained cells easier because it will be possible to place the entire fibrin gel layer onto the slide by lifting the coverslip. This procedure is described in Box 1. This step is not necessary if the cells will be used for other purposes (e.g., RNA extraction).
Choice of multiwell plate. Depending on the purpose of the experiment, 300 µl of Fgthrombin mixture is used per well of a 24well plate; this should form a fibrin gel of approximately 1.5 mm in thickness. However, because of the viscosity of the mixture and the capillary effect, the thickness of the center part of the gel is around 1 mm and gradually increases around the edges of the well. This phenomenon will cause difficulty during imaging because the cells will be on different focal planes. To pre vent this, larger multiwell plates (e.g., 6 or 12well plates) can be used with the same ratio of Fg to thrombin, with the total volume adjusted accordingly on the basis of the surface area of the well. For immunocytochemistry and cell imaging, larger multi well plates (e.g., 6 or 12well plates) can be used with adjusted Fgthrombin volume, i.e., 600 µl per well for 12well plates and 1,500 µl per well for 6well plates.
Use of pharmacological agents. We have been successful in studying different signaling pathways with various pharmaco logical agonists and inhibitors using this epicardial cell culture 9 . As with any in vitro cell culture study, care must be taken when interpreting the results. When performing this type of assay, it is important to determine dosedependent effects and use proper controls. In general, we use the solvent that is used to dissolve the pharmacological agonists and inhibitors as a negative con trol. Depending on the research design, epicardial cell outgrowth, proliferation and EMT can be determined and quantified with image analysis software.
Box 1 | Sterilization of a glass coverslip before fibrin gel preparation • tIMInG ~1.5 h
This procedure is optional and should be carried out only if immunostaining is required . Carry out the entire procedure in a tissue culture hood. 1. Place a standard 12-mm-diameter round glass coverslip at the bottom of the well of a 24-well cell culture plate (Fig. 3b) . Alternatively, 6-or 12-well cell culture plates may also be used for easier handling and processing of the fibrin gel specimen for immunocytochemistry. 27 , and are in accordance to Institutional animal care and use committee guidelines. Eight months to 1.5yearold adult fish, either male or female, can be used for the sham operation or heart amputation. Depending on the research purpose, statistical and analytical methods to be used, either wildtype or transgenic fish will be used and the number of fish should be calculated in advance. When calculating the numbers of fish to be used for experiments, a few aspects will be considered. In general, we put one fish heart in each well and only one treatment is done per well. However, for collecting RNA and protein or cocultures, more hearts can be cultured in one well. The number of fish hearts needed depends on how many treatments are required. As there is a 10-20% lethality rate within 24 h for the fish after heart amputation, we suggest that 10% more fish should be used for amputation than for the sham operation in order to get the same number of samples in the end. . Incubate the reconstituted Fg in a 37 °C water bath with occasional shaking for 30 min. This is to ensure that Fg is completely dissolved. Make 500µl aliquots of the Fg stock solution in 1.5ml sterile microtubes. The stock solution can be stored at − 20 °C for at least 1 year.  crItIcal The ability of each batch of Fg to form clots should be deter mined by titration for quality control 17 (Box 2). Stocks that have a clottability of less than 95% should be discarded. Avoid repeated freezing and thawing.  crItIcal Fg precipitates below room temperature (25 °C) and may not completely dissolve at room temperature when reconstituted from the lyophilized powder. Therefore, it is important to place the reconstituted Fg in the 37 °C water bath for 30 min with occasional shaking to ensure that Fg completely dissolves and that the concentration of Fg is consistent from preparation to preparation. The Fg concentration in the stock solution may be checked using conventional protein assays.
Box 2 | Determining clottability of Fg stock solution • tIMInG ~1 h
Clottability is defined as % (polymerized Fg) / (total Fg). Briefly, this is measured as described below. Thrombin stock solution (50 U ml − 1 ) Sterile procedure should be used for reconstituting thrombin. Thrombin is supplied either as a liquid or a lyophilized powder from commercial vendors. To reconstitute the lyophi lized thrombin, add deionized water to the uncapped bottle to achieve a stock concentration of 50 U ml − 1 . Make 25µl aliquots of the stock solution in 0.5ml sterile microtubes. As repeated freezing and thawing can inactivate its enzymatic activity, it is necessary to aliquot the liquid stock solution and freeze the aliquots at − 20 °C. The stock solution can be stored for 6 months. BrdU stock solution (2.5 mg ml − 1 ) Dissolve BrdU in Hank's solution or PBS to a final concentration of 2.5 mg ml − 1 . The BrdU stock solution can be stored at −20 °C for 6 months. ! cautIon BrdU is a carcinogen and must be prepared in the chemical hood while using proper protection. proceDure preparation of the fibrin gels • tIMInG 1.5 h 1| Thaw a 500-µl aliquot of Fg stock solution (20 mg ml − 1 ) in a 37 °C water bath for ~10 min with occasional gentle shaking.  crItIcal step Once it is thawed, the Fg stock solution should be kept at room temperature.  crItIcal step It is important to completely dissolve Fg in the stock solution in the 37 °C water bath for 10-30 min. Check for spontaneous clotting due to freezing and thawing of the stock solution by inverting the vial several times. A completely thawed stock solution should be translucent and homogenous. Spontaneously formed clots usually attach to the wall of the tube and appear as uneven semitranslucent lumps. When this happens, discard the vial and thaw a new vial of Fg stock solution. Incomplete thawing and/or spontaneous clotting decreases Fg concentration in the stock solution and thereby alters the consistency and quality of the fibrin gels. ? trouBlesHootInG 2| Thaw an aliquot of thrombin stock solution (50 U ml − 1 , 25 µl) quickly by holding the tube and warming it in your hand or by placing it in a 37 °C water bath.  crItIcal step Once thawed, keep the thrombin stock solution on ice until needed. 
5|
Add thrombin (50 U ml − 1 ) to the Fg working solution to reach a final concentration of 0.2 U ml − 1 . Quickly mix the thrombin and Fg by inverting the tube several times. Proceed immediately with Step 6.  crItIcal step Thrombin converts soluble Fg into fibrin by cleaving the end peptides of Fg, which then forms end-to-end and side-by-side polymers 16 . The speed of conversion and the quality of the clot depend on the concentration of thrombin and the reaction temperature. The final thrombin concentration of 0.2 U ml − 1 was chosen to allow fibrin gel to form in a reasonable time frame, i.e., 15-20 min during gel preparation. For example, we add 20 µl of the thrombin stock solution for every 5 ml of Fg working solution. This concentration of thrombin allows the fibrin gel to form in 20 min at 28 °C.
6|
Pipette 300 µl of the Fg-thrombin mixture (from Step 5) into the well of a 24-well cell culture plate. Carry out the procedure relatively quickly to prevent clotting before finishing the procedure; make sure that the mixture completely covers the bottom of the well.
7|
Incubate the plate for 30 min in the tissue culture hood without disturbance.
8|
After 30 min, check if the fibrin gel has formed by tilting the plate.  crItIcal step Monitor the formation of the gels to ensure that they form in the appropriate time and manner to maintain consistency. Discard the fibrin gel if an extended time period (more than 60 min) is required to form the gels and start again from Step 1. If problems persist, use a new thrombin stock solution. A fully formed fibrin gel should maintain its shape and appear slightly opaque.  crItIcal step Fibrin gels should form in about 20 min under the conditions described here. The consistency of the fibrin gel is crucial.  pause poInt The plate containing the fibrin gels can be kept in the 28 °C incubator for longer periods of time (up to 2 h) while you wait for the next steps (obtaining ventricular tissue) to be completed. ? trouBlesHootInG obtaining adult zebrafish hearts and isolating the ventricular apex • tIMInG 5-7 min per fish 9| Euthanize the fish with Tricaine solution (4.2 ml of Tricaine stock in 100 ml of fish water, 15 min or longer) and position the fish, ventral side up, in the groove of a moistened sponge under a dissecting microscope (Fig. 2a) .  crItIcal step All zebrafish handling should follow institutional guidelines and should be approved by institutional animal care and use committees.  crItIcal step Steps 9-13 can be performed on the bench; however, sterile surgical instruments should be used.
10|
Open the chest wall of the fish by a longitudinal cut between the gills (Fig. 2b and supplementary Video 1) . While holding the bulbus arteriosus with a pair of tweezers, gently pull the heart out of the chest cavity and separate it from the fish by severing the ventral aorta and sinus venosus with microscissors 1 (Fig. 2c and supplementary Video 1) .
11|
Place the heart into a 3.5 × 10 mm dish and rinse it with HDMEM three times to remove the blood and tissue debris. Dispose of the fish carcass appropriately.  crItIcal step If more than one heart is being processed, the dissected whole hearts can be stored in HDMEM at room temperature during the next heart dissection. We do not recommend leaving the heart in HDMEM for more than 1 h. When all of the hearts are collected, isolate the apex of each (Steps 12 and 13).
12|
Under a dissecting microscope, remove the atrium and the bulbus arteriosus using microscissors, isolate the apex of the heart (posterior third of the ventricle) by cutting and separating it from the rest of the heart with a scalpel, and place it into a new 3.5 × 10 mm dish containing HDMEM.
13|
Remove the blood in the ventricular cavity by gently pressing on the ventricle while rinsing it with a large amount of HDMEM.  crItIcal step The heart ventricle needs to be placed into the explant culture within 1 h (Step 14).
placement of the tissue onto the fibrin gel • tIMInG 5 min 14| Take the 24-well plate containing the fibrin gels (from Step 6) out of the incubator, open the lid, and gently place the isolated ventricular tissue (from Step 13) on the central surface of the fibrin gel.  crItIcal step The isolated heart apex should be correctly positioned with the apex facing down to maximize the contact area of the epicardial cells of the regenerating area and to prevent the contact of the exposed myocardium and endocardium onto the fibrin gel.
15|
Gently press down on the tissue with tweezers to aid tissue attachment to the fibrin gel.
16|
Carefully remove the excess HDMEM surrounding the ventricle by gentle suction, using a micropipette or a capillary tube (Fig. 3a,b) .  crItIcal step Excess HDMEM surrounding the tissue explant can cause the tissue to detach when medium is added (Step 18). As the outgrowth and migration of epicardial cells from the ventricle onto the fibrin matrix requires close contact between the ventricle and fibrin gel, it is important to remove as much of the HDMEM surrounding the ventricle as possible without subjecting the tissue to desiccation. Because of the aqueous nature of the fibrin gel, it will be impossible and not necessary to remove all of the HDMEM. 
21|
Change the medium every other day. Make sure that disruption of the ventricle does not occur during medium changes by adding the culture medium very gently.  crItIcal step To detect DNA synthesis and cell proliferation, BrdU can be added at a concentration of 10 mg ml − 1 in the feeding medium for 12 h after the initial 3-d culture period. The epicardial cells with regenerating (amputated) heart culture can be used as the positive control for the BrdU incorporation assay, as these cells actively undergo proliferation.
Immunocytochemistry to confirm epicardial cell identity • tIMInG 5-8 h 22| Carefully remove the medium from the well containing the fibrin gel and the epicardial cells.
23|
Gently add 500 µl of 4% (wt/vol) paraformaldehyde to the well and fix the epicardial cells for 10 min at room temperature.  crItIcal step The ventricle is likely to be still attached to the fibrin gel at this time. Do not remove the ventricle because manual removal before or during the fixation step will disrupt the epicardial cell monolayer and cause it to dislodge.
24|
Remove the paraformaldehyde after 10 min and rinse the well with PBS three times for 5 min each time. 26| Treat the fixed and permeabilized cells with antibody blocking solution before the antibody staining step according to the manufacturer's recommendations. Please refer to Kim et al. 9 for conditions for epicardial cell-specific nuclear Tcf21 and BrdU staining. The entire procedure takes place in the well of the 24-well tissue culture plate.  crItIcal step During this procedure, it is likely that the heart explant will detach from the fibrin gel. If the explant is still attached to the fibrin gel, it is not necessary to remove the tissue, because the stained cells can still be mounted even if the tissue is still attached. Do not remove the tissue manually. For the negative control, the cells can be stained without primary antibody or species-specific IgG antibody, which should result in no specific staining of the cells.
27| Add 2 drops (around 30 µl) of Vectashield mounting medium with 4,6-diamidino-2-phenylindole (DAPI) to the center of a glass microscope slide and set the slide aside.
28|
Carefully remove the epicardial cells (with the underlying fibrin gel still attached to the 12-mm glass coverslip) from the 24-well cell culture plate; use forceps to reach and lift the coverslip from the bottom of the well (Box 1). The entire specimen should be easily removed from the well. Mount upside down in the mounting medium on the glass microscope slide prepared in Step 27.
29|
Press the glass coverslip gently to compress the fibrin gel and to remove trapped bubbles. At this point, the specimen is ready to be examined.  pause poInt: Prevent desiccation of the specimen and quenching of the chromophores by storing the specimen in a humidified box at 4 °C away from light. Images should be taken within 2-3 d.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG Steps 1-8, Preparation of the fibrin gels: 1.5 h Steps 9-13, Dissection of zebrafish hearts and apex of ventricles: 5-7 min per fish Steps 14-16, Placement of the tissue onto the fibrin gel: 5 min 
